Abstract-This paper provides a detailed design description and technical testing results of a device for studying motor learning and rehabilitation of human locomotion. The device makes use of linear motors and a parallel mechanism to achieve a wide dynamic force bandwidth as it interacts with the leg during treadmill stepping.
I. INTRODUCTION
An emerging area of robotics research is the development of robotic devices to study human motor learning, both in healthy people in order to understand the fundamental mechanisms of motor adaptation, and in neurologically injured patients, with the goal of manipulating those mechanisms in order to facilitate rehabilitation [1] - [3] . Robotic devices allow experimenters to apply novel dynamic environments to the limbs in a repeatable way, allowing for a controlled examination of the learning and recovery processes.
Devices used to study motor learning and rehabilitation of the upper limb include an industrial robot [4] , a force-feedback controlled haptic robot [5] , devices combining passive and active degrees of freedom (DOFs) [6] , and a cable-driven haptic robot [7] . The mostly widely used robot type uses two large, mechanically grounded motors to drive a lightweight, four-bar parallelogram configuration [1] , [8] , [9] or pantograph [10] linkage in a horizontal plane, thereby achieving both large forces and good backdrivability. This design has been used in pioneering studies of robot-assisted movement therapy for the arm following a stroke, and in a large number of influential motor adaptation studies (see reviews in [1] and [3] ).
Robotic devices have also been designed for studying human walking and for employing rehabilitation approaches after neurologic injury [11] - [15] . A recent focus of these devices has been automating a promising rehabilitation technique known as locomotor training, which uses step training with body-weight support on a treadmill (BWST) [16] . In this technique, the patient's body weight is partially supported with a hoist, and therapists manually assist the patient's legs and torso. The technique has been suggested to modulate neural circuits in the spinal cord by providing appropriate patterns of sensory input [17] , and has been shown to improve over ground walking ability in patients with spinal cord injury (SCI) and stroke [18] , [19] . The technique has remained relatively inaccessible in rehabilitation clinics because it is highly labor-intensive, requiring two to three skilled trainers to manually assist the patient's hips and legs.
Several groups have developed devices for automating locomotor training [12] , [15] , [20] . The Mechanized Gait Trainer (MGT) is a singly actuated mechanism that drives the feet through a gait-like trajectory using a doubled crank and rocker system [20] . The Lokomat is a motorized exoskeleton that has four rotary joints that drive hip and knee flexion/extension for each leg [15] . The joints are driven in a gait-like pattern by precision ball screws connected to DC motors [15] . The HapticWalker, a newer design from the MGT group, uses linear and rotary motors to control the position of two foot plates, simulating the ground moving beneath a subject [12] .
While these locomotor robots are capable of driving the legs through a gait-like pattern, they are relatively limited in their dynamic bandwidth. The MGT cannot drive the legs away from the path specified by its single DOF mechanical linkage. The Lokomat is difficult to backdrive, because it uses high-advantage ball-screw actuators. The HapticWalker has relatively large, high-inertia robotic arms that support the patient's weight, and this apparent inertia must be reduced using force feedback.
Ideally, there would exist a robotic device that allows a wide dynamic range of forces to be applied to the leg during naturalistic gait movements, maximizing the potential number of dynamic environments available to study motor learning and promote motor rehabilitation. For example, it is desirable for a gait-training robot to be able to reduce the amount of assistance it provides as a patient recovers, such that it "fades to nothing." One approach to achieving the large dynamic bandwidth required for "assistance as needed" is to use force feedback or admittance control. Following initial clinical testing, the Lokomat group is currently trying to improve the dynamic bandwidth of their devices using force-control methods [21] . Another approach is to develop a mechanism that is inherently backdrivable, yet still allows for high force generation. A logical candidate mechanism is the same four-bar mechanism described above that has been successful in arm movement studies. However, this approach would be difficult to apply to humans, because the forces required to move the legs are relatively large compared with the arms, and would necessitate either extremely large motors, or smaller geared motors, working against the backdrivability advantage of this mechanism.
This paper provides a detailed design description and technical testing results of a direct-drive parallel device with a high dynamic bandwidth that can be used to mechanically interact with the leg during treadmill stepping. The main significance of this work is that it is possible to create a highly responsive gait robot using only simple control strategies, given this mechanism design. Examples of the device's ability to assist in stepping, and to induce motor adaptation by creating a novel dynamic environment, are given.
II. METHODS

A. Mechanical Design
The locomotor robot consists of two moving coil brushless linear servomotors that drive either end of a two-bar linkage in the parasagittal plane (Fig. 1) . The linkage apex is attached through a revolute joint that can be attached to the lower limb at the knee, ankle, or bottom of the foot through custom composite braces. The apex can be moved in any desired planar trajectory x(t), y(t) by moving the linear motors along trajectories x 1 (t) and x 2 (t), specified by Fy: (2) This mechanism design has several advantages. A moving coil linear motor can generate substantial force, yet has low backdrive friction, so the device is powerful yet lightweight. In addition, force application can be mechanically constrained to a physical workspace that matches the legs during walking with simple hard stops or by installing short links. When compared with exoskeletal approaches, the device is more flexible, as it can accommodate any size leg and any step trajectory without the need for mechanical adjustments.
B. Hardware and Software Development
We have built a prototype of this device design called "ARTHuR"(Ambulation-assisting Robotic Tool for Human Rehabilitation) (Fig. 1 ), for interacting with one leg during stepping. The basic design parameters specified that the device would be able to lift a large leg ( 150 N vertical force), accommodate a large step size, and have a force bandwidth at least twice that of human stepping ( 2 Hz bandwidth) while remaining as lightweight as possible. To satisfy the force requirements, ARTHuR's power is derived from two moving coil forcers (Baldor, DC brushless linear motors: LMCF04C-HC0 controlled by two Baldor LinDrives: LD1A02TR-EN20), each with a mass of 0.32 kg and a peak and continuous force capability of 173 and 58 N. In endpoint coordinates with the device at a configuration typical for stepping (apex angle of 60 ), this allows peak horizontal and vertical forces of 346 and 600 N, respectively. The continuous-endpoint horizontal and vertical forces are approximately one-third of peak, and are thus equal to 116 and 200 N in the x and y directions. In continuous output, this force capability is about the same as that measured from physiotherapists manually stepping a severely injured SCI subject [23] . Position of the moving coils is measured using a linear optical encoder with one Static backdrive friction due to the ball bearing-rail interface was measured to be approximately 3.4 N for each coil. Dynamic friction, which was measured to be approximately 2.3 N 1 s/m, is cancelled through software by creating an assistive force proportional to the velocity of each coil. In addition, the weight of the linkage and attached brace are cancelled in the software, so as not to gravitationally load the limb. In order to minimize the device's apparent inertia, the linkages and the apex with brace have been made as lightweight as possible. We estimated the device's inertia by measuring the position-control response to sinusoidal inputs across a range of frequencies, with the device in a typical stepping configuration. The apparent inertia in the horizontal and vertical directions was 4.2 and 7.2 kg.
Safety is obviously of paramount importance for robotic devices that physically interact with humans. Operating along with the control program at 1000 Hz are several safety checks, each of which creates a fault condition that stops both the robot and the treadmill. Position-limit checks monitor coil and endpoint positions to verify that they are within a safe workspace. Coil and endpoint velocity-limit checks detect if the subject has moved excessively fast, sensing a fall or trip. Force limits saturate excessive coil and resultant endpoint force. The motor drivers verify proper operation of the encoders, hall effect sensors, and motor coils, and produce a fault if an error is sensed. An independently powered watchdog timer checks for system crashes of the target computer. An emergency stop button is held during operation. We considered using a mechanical method to disconnect the user from the device if forces became too high [4] , but did not use this approach, because we were concerned that the disconnected robot's momentum could cause a collision with the subject's leg. Finally, all subjects wear a support harness attached to an overhead frame to catch them if they fall.
C. Experimental Testing
To verify the robot's capabilities, we characterized its force-control ability, backdrivability, position-tracking ability, and force-field generation capability. To test how accurately the end-effector could exert commanded forces, we recorded output forces from the device at 50 Hz using a six-axis force transducer (Industrial Automation, Theta) in three experiments. During all experiments, ARTHuR was attached through a revolute joint to the force transducer at an apex angle of 60 . In the first experiment, we tested the directional accuracy of ARTHuR when commanded to produce a constant force of 22.2 N in 12 equally spaced directions around a circle. In a second experiment, we tested the force accuracy as ARTHuR created a circle in force space at six different force magnitudes (10, 20, 40, 60, 80 , and 100 N). In a third experiment, we tested the force bandwidth of ARTHuR by commanding vertical endpoint sinusoidal forces of 80 and 100 N for frequencies ranging from 0.5 to 30 Hz.
To assess the backdrivability of ARTHuR, we measured how the device perturbed stepping trajectories when two healthy adult subjects, a small female (1.3 m, 570 N) and large male (1.9 m, 900 N), stepped on the treadmill at 0.9 m/s, with the device attached around the ankle actively cancelling dynamic friction and gravity, compared with when they stepped without the device attached. A location on the subject's heel, approximately 5 cm below the lateral malleolus, was hand-digitized from digital video recorded at 30 Hz.
To test the ability of ARTHuR to record and replay a step trajectory, we recorded ankle position at 200 Hz from the same large male subject walking at 0.9 m/s on the treadmill, and then actively tracked the reproduced trajectories with a proportional-derivative (PD) controller. The subject first stepped for 50 steps with the device applying only friction and gravity cancellation. After recording the step trajectories, we identified the individual steps using zero crossings in horizontal velocity, and calculated a representative mean stepping trajectory. We used this averaged spatio-temporal data as our control input "desired trajectory," and measured tracking error for an endpoint coordinate, PD controller (stiffness xdir = 7004 N/m, stiffness ydir = 10 507 N/m, damping = 350 Ns/m) with and without the mass of the subject's leg hanging in the device.
To test the functionality of ARTHuR as a tool to study motor adaptation, we replicated a seminal motor adaptation experiment [24] . In this experiment, subjects were required to adapt to a novel viscous force field while reaching between points in space. Our replication experiment required subjects to adapt to a novel viscous force field applied during the swing phase of gait while treadmill stepping. To establish a baseline stepping performance, we allowed unimpaired subjects (N = 6, age 25-37 yr, five male) to practice walking with the robot attached around the ankle for 200 steps, and then recorded step trajectories in a null field (no field applied) for 100 steps. We then commanded ARTHuR to produce a viscous force field that pushed upwards during the swing phase with a force proportional to the horizontal velocity of the robot's apex for 100 steps. The force was only applied when the robot was moving forward. We chose the proportionality constant (33-56 Ns/m) to induce a peak force equal to 8% of the subject's body weight, which was sufficient to perturb stepping, but did not induce stumbling. After applying the force field, we returned to the null field for 100 steps. We characterized the subjects' adaptation by examining step height mid-swing (300 ms after toe off) before, during, and after force field application.
III. RESULTS
For the first force-control test, ARTHuR produced the commanded constant force of 22.2 N with an average directional error of 00:7 6 1:0 . ARTHuR also accurately produced a circular pattern in the force space at six different levels of force, with an average force error of 00:16 N61:75 N [ Fig. 2(a) ]. ARTHuR's bandwidth for tracking an 80 and 100 N vertical sinusoidal force was approximately 4 Hz [ Fig. 2(b) ]. Above 4 Hz, the structure supporting the linear motor began to resonate, limiting tracking accuracy. For comparison, we measured the frequency content of the stepping trajectory for a single subject at a cadence of 45 steps/minute, and found 90% of the power spectral density to be below 1 Hz.
For the test of its backdrivability, ARTHuR did not substantially perturb stepping trajectories when attached to the leg, compared with stepping without the device attached, for both the small and large subject [ Fig. 3(a) and (b) ]. The mean difference between the peak step trajectory with and without ARTHuR attached for seven digitized steps was 4 . Test of ARTHuR's ability to induce motor adaptation by creating a novel dynamic environment during stepping. Data is from six unimpaired subjects who stepped in the force field. For this figure, the force field was turned "on" at step 101 and "off" at step 201. A: Representative step trajectories of the lower shank for a single subject. Shown are the normal stepping trajectory in the null field (); the "direct effect," which is the first step in force field (4); a step produced after adaptation to field exposure ( ); and the "aftereffect," which is the first step in the null field (r). B: Mean step height error with SE lines (grey) measured mid-step referenced to the normal stepping height mid-step, before, during, and after application of the force field.
2.3 and 0.83 cm for the small and large subjects, respectively. There was a small tendency in both subjects to step slightly higher with the device attached to their leg, likely an "overshoot" due to the added inertia and the rapid vertical acceleration of the leg at the beginning of the swing phase of gait.
To test the device's ability to assist in movement, we recorded normal stepping trajectories, and then replayed them with ARTHuR in a position-controlled mode with and without a subject suspended from an overhead frame. ARTHuR reproduced the recorded steps with a mean tracking error of 0.74 mm without the subject attached, and 2.8 mm with the subject's limb hanging relaxed in the device.
Finally, we tested the ability of ARTHuR to induce motor adaptation by applying a velocity-dependent force field during stepping. The robot pushed the leg upward when the force field was first turned on [ Fig. 4(a) ] creating a "direct effect." The subjects then adapted to the force field, reducing their step height over the course of several steps [ Fig. 4(b) ]. When the force field was unexpectedly removed, the subjects exhibited an "aftereffect," stepping significantly lower than null baseline for several steps before returning to the normal baseline (Fig. 4(a) and (b), ttest: p< 0:0001, comparing aftereffect with null baseline). The presence of the aftereffect following adaptation indicates that the subjects had learned to predict the field through the formation of an internal model of the field's dynamics.
IV. DISCUSSION
Robotic technology has significant potential to further the scientific understanding of locomotor control and to automate locomotor training following neurologic injuries, such as SCI and stroke. A key goal in developing robotics for human-locomotion science and rehabilitation is wide dynamic bandwidth; a device with a wide dynamic bandwidth could measure stepping ability in a backdrivable mode, assist stepping in a position-controlled mode, and enhance motor adaptation by creating novel dynamic environments.
The device described here has a wide dynamic bandwidth that is achieved through a simple mechanical and control design. It can generate peak forces around 350 N at a rate up to 4 Hz, a bandwidth that is approximately quadruple that of human walking. This performance is accomplished through feedforward control and good backdrivability, rather than force feedback control, which would require the added cost of force sensors as well as increased control complexity. The device does not substantially impede stepping when attached. In position-controlled mode, the device can accurately drive a passive leg through a normative stepping trajectory. Finally, the device can generate a novel force field environment that induces locomotor adaptation.
Future research with the device will focus on three areas. First, we will use the device to assist in step training with body-weight support for SCI patients. A key issue here will be to design a controller for the device that intelligently assists in leg movement, allowing the patient to contribute as much as possible to the movement, and normalizing sensory input into the spinal cord.
A second goal is to use ARTHuR to understand how the nervous system processes sensory input to control stepping. ARTHuR can precisely grade forces applied to the knee, ankle, or bottom of the foot during swing and stance, and thus provides a new tool for examining the input-output relationship of locomotor control.
Third, we are using ARTHuR to understand locomotor adaptation to novel dynamic environments. The finding that healthy subjects form internal models of the leg's stepping environment, similar to upper extremity control, suggests that similar neural systems are involved in adaptive control of reaching and stepping. We have developed a computational model that captures the dynamics of trajectory evolution during stepping and reaching [25] . We recently used this model to demonstrate that it is possible to accelerate motor learning in a novel dynamic environment by transiently increasing trajectory errors using ARTHuR [26] . This result is, to our knowledge, the first direct evidence that a robotic device can help a person to learn a motor task more rapidly. By understanding how neurologic injuries themselves are akin to perturbing, dynamic environments, we hope to devise similar strategies for robotically accelerating motor rehabilitation.
[24] R. Shadmehr and F. A. Mussa-Ivaldi, "Adaptive representation of dynamics during learning of a motor task," J. Neurosci., vol. 14, no. 
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Abstract-Coverage path planning determines a path that passes a robot, a detector, or some type of effector over all points in the environment. Prior work in coverage tends to fall into one of two extremes: coverage with an effector the same size of the robot, and coverage with an effector that has infinite range. In this paper, we consider coverage in the middle of this spectrum: coverage with a detector range that goes beyond the robot, and yet is still finite in range. We achieve coverage in two steps: The first step considers vast, open spaces, where the robot can use the full range of its detector; the robot covers these spaces as if it were as big as its detector range. Here we employ previous work in using Morse cell decompositions to cover unknown spaces. A cell in this decomposition can be covered via simple back-and-forth motions, and coverage of the vast space is then reduced to ensuring that the robot visits each cell in the vast space. The second step considers the narrow or cluttered spaces where obstacles lie within detector range, and thus the detector "fills" the surrounding area. In this case, the robot can cover the cluttered space by simply following the generalized Voronoi diagram (GVD) of that space. In this paper, we introduce a hierarchical decomposition that combines the Morse decompositions and the GVDs to ensure that the robot indeed visits all vast, open, as well as narrow, cluttered, spaces. We show how to construct this decomposition online with sensor data that is accumulated while the robot enters the environment for the first time.
Index Terms-Cell decomposition, coverage, Morse decomposition, sensor-based planning, Voronoi diagrams.
I. INTRODUCTION
Coverage path planning determines a path that directs a robot to pass over all points in its free space. Integrating the robot's footprint (detector range) along the coverage path yields an area identical to that of the target region. We achieve coverage by introducing new types of exact cell decompositions. Exact cell decompositions [8] , [16] represent the free space by dividing it into nonoverlapping regions called cells, such that adjacent cells share a common boundary, the interior of each cell intersects no other cell, and the union of all of the cells fills Fig. 1 . Robot is required to pass the extended-range detector over all the points in the corridor. Even though the robot can perform back-and-forth motions to cover the space, these motions will not make efficient use of the available detector range.
the free space. An adjacency graph encodes the topology of the cell decomposition, where nodes represent the cells and edges connect nodes corresponding to adjacent cells. Cell decompositions have conventionally been used to determine a path between two points which can be solved in two steps: first, identify the cells containing the start and the goal, and then search the adjacency graph for a sequence of cells that connect the start cell to the goal cell. We use cell decompositions, however, to produce a path that covers the free space. We define cell boundaries such that each cell can be covered via a simple pattern, such as simple back-and-forth motions. A planner achieves complete coverage simply by ensuring that the robot identifies and visits each cell in the space, which is equivalent to finding an exhaustive walk through the adjacency graph.
In previous work, we defined a family of cell decompositions termed Morse decompositions, whose cells are defined by critical points of a Morse function. This work was motivated by Canny's roadmap work [5] where he uses critical points to ensure the connectivity of his roadmap. The critical points serve as landmarks because topologically meaningful events occur at them. Recall that Morse functions are real-valued functions with nondegenerate critical points. The Morse decompositions allow us to design sensor-based coverage algorithms that use simple motions, such as back and forth, for coverage with a robot-size detector. Varying the Morse function that defines the decomposition changes the pattern by which coverage is achieved. Now, consider two ends of the coverage spectrum: coverage with detectors the same size of the robot and infinite-range detectors. The Morse decompositions are suitable for coverage with detectors that are the same size of the robot; we call these robot-size detectors. If the robot has an infinite-range detector, then it need not use Morse decompositions. Instead, the robot can follow the generalized Voronoi diagram (GVD) (sets of points equidistant to two obstacles [11] , [19] ) to completely cover a bounded free space.
In this paper, we address a problem in the middle of the extremes. We describe a new method to cover unknown spaces with detectors, such as infrared imaging systems or omnidirectional cameras, whose ranges are larger than the robot, but are still less than infinite. We term these extended-range detectors. In a sense, an extended-range detector has a "variable" effector size: in a vast, open space, the maximum range of the detector is the effector size. Covering a vast, open space with back-and-forth motions, as if the robot were as big as its maximum detector range, produces a "good" coverage path when the objective is to minimize path length with respect to the area covered.
In narrow spaces, however, the detector's range is limited by the presence of obstacles. As suggested in previous work by Hert et al. [14] , and then by Lumelsky et al. [17] , performing simple back-and-forth motions, again as if the robot were as big as its maximum detector range, does not produce an efficient path (Fig. 1) . When the robot is in a cluttered or narrow space, its detector is effectively infinite, and thus can cover the space as if it had an infinite detector. See Fig. 2 for an overview of three modes of coverage: robot-size detector, extendedrange detector, and infinite-range detector.
